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Abstract

Products produced with Additive Manufacturing (AM) methods often have anisotropic
microstructure that forms as material layers are added during processing. Unfortunately, current
AM design methods do not accommodate the inherent non-isotropic behavior of these materials
when determining the best structural layout. This paper presents a three dimensional (3D)
topology optimization method that computes the best non-isotropic material distribution and
principal material direction for minimum compliance of a statically loaded non-isotropic AM
structure. The compliance objective function is calculated using the finite element method with
eight node 3D isoparametric elements, and design sensitivities with respect to both density and
material orientation are calculated with the Adjoint Variable method. We employ a linear
weighted sensitivity filter on the density variables to mitigate checker-boarding of the material
distribution. The optimization problem is solved with a nonlinear constraint-based Matlab (The
Mathworks, Inc., Natick, MA) optimization solver. Topology optimization of a 3D cantilever
beam with different print directions is given to demonstrate the applicability of the optimization
scheme.

Introduction

The Fused Filament Fabrication (FFF) deposition process directs thermoplastic polymer
feedstock through a heated nozzle which is then deposited onto a platform as a bead to print a
part, layer-by-layer, based on data from a digital model of the part. The mechanical properties of
the printed parts depends on the deposited material and the orientation of the printed bead [1-3],
where the influence of bead direction is more pronounced when short fiber polymer composites
are employed. Carbon fiber filled polymer deposited in beads with the FFF process has been
shown to have a highly non-isotropic material response. The non-isotropic topology optimization
method presented here is applicable to any AM method that produces oriented microstructure,
however, our primary focus is on designing FFF printed parts using carbon fiber filled (CFF)
polymer feedstocks.

Fused Filament Fabrication

The FFF process can be categorized into two types. The first is for small scale 3D
printing application, which uses a polymer or polymer composite filament as the feedstock.
Small scale FFF has a continually growing market [4] and is popular among hobbyist and
academic research. There are several drawbacks in small scale FFF. The size of the fabricated
parts is limited by build volume which is typically less than one cubic foot. The dominant type of
the material for small scale FFF is thermoplastic, which has weaker mechanical properties than
metals, limiting the use of FFF parts in industry. Various kinds of composite filaments have been
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emerged to improve the filament’s mechanical properties [5—12]. In this case short carbon fibers
(CFs) are suspended within the polymer matrix to form a carbon fiber filament (CFF).
Researchers have shown that CFF polymer filament has improved tensile strength and stiffness
as compared to the unfilled polymer [11-13]. It can further reduce the warpage of the structure
after the print process [14], due to lower coefficient of thermal expansion and higher thermal
conductivity of the CFs as compared to the thermoplastic polymer.

The second category of FFF is large scale 3D printing. It aims to print objects in large
size with polymer nozzle exit diameters approaching !/, inch. Advances in large scale 3D
printing have grown considerably in recent years, where the most prominent example is the Big
Area Additive Manufacturing (BAAM) technology. The BAAM system is based on gantry
system with build volumes on the order of feet, and discontinuous CFF polymer pellets that is
used as feedstock for printing. It requires lower energy input and gives higher material output per
unit time than small scale 3D printing [15]. Beside the BAAM system, other institutions have
created large 3D printers and print objects with CFF polymer pellets [16]. The adoption of large
scale 3D printing is pushing the application envelope of FFF to industrial application, and the
demand for lighter and stronger product is expected to drive the polymer composite industry to
be more competitive in the 3D printing market. The application of FFF with CFF polymer
feedstocks offers unique advantage as the fibers align highly within a bead along the printing
direction [12], making it possible to predict the mechanical properties of the parts before it is
even printed.

Topology Optimization and Additive Manufacturing

Topology optimization is a simulation tool for computing the optimum layout of a
structure within a given design domain to minimize a defined objective, given prescribed design
constraints. In structural mechanics, the compliance of the structure commonly serves as the
objective to be minimized as this results in the stiffest design. There are numerous topology
optimization approaches, including Homogenization Method [17,18], Solid Isotropic Material
Method (SIMP) [19-24], Evolutionary Structural Optimization Method (ESO) [25] and
Bidirectional Structural Optimization Method (BESO) [26].

Topology optimization has been used for various AM techniques. Zhang, et al. [27]
employed the homogenization, optimization and construction (HOC) technique to design
variable cellular structures. In their approach, the cellular structure was constructed based on the
optimized density distribution using a method similar to SIMP, and the part was fabricated with
stereolithography. Gaynor, et al. [28] implemented a combinatory and multiphase SIMP
approaches to optimize the shape of compliant mechanisms where the optimized topology may
include more than one type of material. Their optimized result was fabricated using the
multimaterial Polyjet 3D printing technique. Furthermore, Langelaar [29] proposed a numerical
scheme to create a self-support structure for AM purpose.

Simultaneous Topology and Material Orientation Optimization
In this paper, we extend the SIMP method to be applicable to AM structures having non-
isotropic materials. The SIMP method assigns an isotropic material model in each discretized

finite element, multiplied by a density value raised to an integer power. The exponent serves as a
penalization to drive the solution field to a discrete (black and white) layout. The SIMP method
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can be modified to accommodate anisotropic materials by including a constitutive material
model [30,31] with predefined preferred orientation; this modification is called Solid Orthotropic
Material Penalization (SOMP), or the Continuous Fiber Angle Optimization (CFAO) when
applied to fiber filled composites in FFF [32,33]. Jia et al. [30] applied the SIMP method with
material orientation variables to design fiber reinforced composites for minimum compliance.
The optimized topology appears with minor checkerboard effect, as filtering [34,35] that is
commonly applied to avoid these unwanted patterns appears to be missing. Setoodeh, et al. [36]
developed a stress based SIMP approach to solve for minimum compliance, combined with
cellular automata. They further extended the method to solve problems with multiple loads,
though the material angle update scheme was based on a random search approach. Nomura, et al.
[37] proposed a general topology optimization approach based on discrete angle sets that
simultaneously optimizes both material distribution and material orientation. In their approach,
orientation variables are represented by Cartesian components, along with relaxation of the
orientation design space. In other work, Hoglund [38] extended the SIMP method to
accommodate material orientation designated as the CFAO. In this approach, design sensitivities
with respect to the density and material orientation were derived, and the density sensitivity was
also filtered using a linear weight-average filter [34,35]. The optimized model was then printed
with desktop 3D printer.

Prior works given above included material distribution and material orientation in two
dimensions, and did not include 3D AM structures. To author’s knowledge, the literature has yet
to address topology and material orientation optimization for the application of FFF printed parts
in 3D. This paper proposes a computational scheme that optimizes material distribution and
material orientation that is applicable to FFF. Our method extends the SIMP method, similar to
the work done by Hoglund [38]. An important assumption to make in 3D design is that since the
FFF printed parts are made through a layer-by-layer process, the rotation of the material
orientation is constrained in the print plane. This assumption is made since fibers align along the
print direction which also reduces the complexity of the design problem. The optimization
scheme developed here provides insight into the optimal topology and the bead pattern of the
printed part, therefore making the FFF process more efficient and competitive in the market.

Methodology

Optimization Formulation

We consider the topology optimization problem to minimize the compliance of a
structure with design constraints which is written as

N
Minimize: c(p,8) = UTF = UTKU = Z(pe)pque(Ge)ue M

e=1

Subject to: V\(/p)

0

=fKU=F, ppin < pe < 1, 2T < 0, < 21 2)

In the above, ¢ is the compliance and K, U and F are the global finite element stiffness matrix,
displacement vector and load vector, respectively. The compliance is calculated by summing all
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the elemental compliances where k. and u, respectively represent the stiffness matrix and
displacement vector at the elemental level. The material volume v(p) is limited by that of the
design domain V, with the prescribed volume fraction f which ranges from 0 to 1. There are in
total N elements in the design domain, and each element is assigned one p, and one 0,. A
penalization parameter p is included which tends to drive the each density variable p, to its
lower or upper limit. The material orientation variable 6, has a lower and upper limits of —2m
and 2, respectively. Again, material orientation is assumed to only vary within the print plane,
requiring only one orientation variable for each element. The finite element method is used to
evaluate compliance such that static equilibrium is enforced.

Isoparametric Hexagonal Element

The CFAO approach defined in Equations (1) and (2) extends the SIMP method through
the addition of the element material orientation design variables 0,. Therefore, the element
stiffness matrix K, that is constant for a uniform mesh in the SIMP method varies over the
design domain in CFAO. In our implementation, the elemental stiffness matrix is evaluated using
the eight-node isoparametric hexahedral element [39] appearing in Figure 1.
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Figure 1. Isoparametric hexahedral element with node number

The stiffness matrix is calculated over each element domain (. using Gauss Quadrature in the
usual manner as

Ngp Ngp Ngp

k(@) = [[| BTC@IBAA~D D (WWWB(E ) COBEM WDEN)  O)

i=1 j=1 k=1
where ngp, is the number of Gauss point in each coordinate direction. The matrix B is the strain-
displacement matrix and J is the Jacobian matrix, both derived from the shape functions that
define the isoparametric mapping in the element. The rotated constitutive matrix C'(6,) in
Equation (3) depends on the non-isotropic material orientation angle 6., which is computed from
the non-rotated constitutive matrix C [40] as

C'(8e) = T(B)'CT(B:)~" “
In our simulations, the plane formed by axes € and 1 in Figure 1 is defined as the print

plane, such that the orientation variable 6, rotates about the { axis for all elements. Given this
constraint on orientation, the inverse of the transformation matrix T(8) becomes
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In the FFF process, suspended carbon fibers become highly aligned with the polymer bead along
the print direction, making it feasible to model the material as a transversely isotropic
constitutive material described by the matrix C is written as [41]

A% A%
! - X 0 0 0
EX EX EX
A% A%
- Exy Ei - Eyz 0 0 0
C= VXX Vyz : Y
- Ey = 0 0 0
X y y (6)
2(1+v
0 0 (7YZ) 0 0
Ey
0 0 0 0 0
Xy
1
0 0 0 0 0
ny

where material constants are defined in the usual manner and we assume the xyz-axes align with
the &nd-axes.

Material constants for our simulation appearing in Equation (6) are taken from Heller, et
al. [42]. They investigated die-swell in the extruded polymer and its effect on fiber orientation.
Furthermore, based on the fiber orientation state, they calculate elastic properties of the extruded
polymer composite. The elastic properties of the polymer composites obtained within the
extrudate swell region in Heller, et al. (cf. Table 1) are used to define the matrix C in our
analyses. The calculation is based on 15% fiber volume, with Ef = 240GPa, v = 0.2, E,, =
2GPa and v, = 0.4. The aspect ratio of the fiber is 15.

Ex Ey Gyy Vxy Vyz
7.34 3.43 1.39 0.42 0.47

Table 1. Five elastic constants derived from Heller et, al [42], units in Pa

From Table 1, the greater magnitude of E, than E; creates a material that lacks isotropy where
the E is the stiffness along the fiber axis, and Ey is the transverse stiffness of the fiber.
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Design Sensitivities

Design sensitivity of the objective function in Equation (1) is derived using the Adjoint
Variable Method due to the large numbers of design variables present in the topology
optimization problem, i.e., each element has two design variables. For the elemental density
design variables, the design sensitivity of compliance is

dc
dp = _p(pe)p_luzkeue O]
e

Furthermore, the design sensitivity of compliance with respect to an orientation variable is

oPu T 6T(9e) ! T PG }
peu {fﬂﬂ BT(——=—CT(8,)™" + T(8.)'C 20, )BdQ{ u, (8)

The integrals in the sensitivity expressions in Equations (7) and (8) are calculated with
the finite element method using the same Gauss Quadrature as that used in the underling finite
element formulation. During the optimization process, a checkerboard pattern is likely to occur,
resulting in undesirable structure pattern. To mitigate such effect, a linear sensitivity filter with
respect to the density variable [34,35] is employed where the filtered sensitivity becomes

ac
(’3’5 ~ H1] p] ap (9)
op,  p; ZNe H;
with
Hij = I'min — dlSt(l,]) (10)

In the above, Hj; is a weight factor and is a linear function of the distance between the center of
element i to the center of neighboring element j.

Optimization Process

Figure 2 shows the flow of the optimization iteration process employed in this work for
CFAO of FFF composites. First, the design domain and boundary conditions are defined, and the
domain is discretized into hexahedral elements. Second, the FEA model is solved to calculate the
global displacement vector; 2-point Gauss Quadrature is used for all element integrations. Third,
the compliance objective function and design sensitivities are evaluated element-by-element.
Fourth, the design sensitivities with respect to the density variables are filtered using a linear
weight average function. Fifth, the objective function and design sensitivities are provided to the
Matlab (The Mathworks, Inc, Natick, MA) optimization function fmincon [43]. The default
solver interior-point algorithm is chosen as the optimization scheme which solves the
constrained nonlinear problem by introducing extra barrier functions into the objective function.
The optimization convergence criteria is based on relative changes in design variables and
objective values between two iterations, halting computations when these values are below 0.1%.
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In our simulations, the penalty parameter p is chosen to be 3 as is common in topology
optimizations, the filter radius r,;, involved in Equation (10) is set to be 1.5, the volume fraction
limit f = 0.4, and the density variables are allowed to range from 1076 to 1.
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Figure 2. Flow chart demonstrating the p_rocess of topology optimization

Once convergence of the optimization is achieved, the elements that have density value
greater than 0.5 are plotted to illustrate the optimized topology; the darker the element, the more
material is assigned to the element, and vice versa. The corresponding fibers (red segments) are
also plotted inside each 3D finite element to show the direction of preferred material orientation.
Also, in viewing the angle that is orthogonal to the print plane, the layer-by-layer plots are shown
to illustrate the details of the material distribution and material orientation in each layer. Lastly,
the computational time, the number of iterations and the computed compliance are recorded. It is
important to note that all the code for optimization were developed in-house, except the fmincon
optimization algorithm.

Numerical Examples

A cantilever beam with a unit point load on center of the right bottom edge is considered
for the optimization as shown in Figure 3. To investigate how the print direction affects the
optimized topology and minimized compliance, the optimization is performed in each of the
three coordinate directions. Considering Figure 3, the x-y plane defines the print plane, and the
simulated model is assumed to be printed as follows:

e (Case 1: Printed from the back face to the front face with 20x10x6 elements

e Case 2: Printed from the bottom face to the top face with 20x6x10 elements
e Case 3: Printed from the left face to the right face with 10x6x20 elements
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The topology design optimization problem included a total of 2400 design variable in each of
these print cases, 1200 p, and 1200 6,. In all cases, elements are formed as cubes having sides of
1 unit in length.

&

Z ‘z/ X

@ X

Figure 3. Cantilever beam with tip point load

Computational results

Figure 4 shows the optimized topologies in isometric views for Case 1, Case 2 and Case
3. Overall, the optimized topologies for all three cases converged to a similar I-beam type
structure, where the beam is wide at the top and bottom layers. Regardless of which direction the
structure is printed, there is dense material distributed to two wide flanges, which increases the
stiffness in support of the bending load.

Figure 4. Optimized topologies for three cases (isometric views). Arrows indicate print direction.

Figure 5, Figure 6 and Figure 7 reveal the layer-by-layer plots of the optimized material
distribution and material orientation for the three cases, when the viewer is looking at the
direction orthogonal to the print plane. Figure 5 shows the layer-by-layer material distribution
and material orientation for Case 1. Note that since the load is applied at the center of the right
bottom edge (cf. Figure 3), we would expect the optimized structure to exhibit geometric
symmetry in terms of both the material distribution and material orientation. By comparing the
layout of layer 1 to lay 6, layer 2 to layer 5 and layer 3 to layer 4, the pairs look visually
identical, which confirms our hypothesis. In terms of the material orientation, the fibers follow
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the outer contour of the structure for each layer where there is dense material distributed, which
is very similar to results given by Hoglund and Smith [44] and Nomura, et al. [45].

o
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-

Layer 5 Layer 6
Figure 5. Layer-by-layer plots of material distribution and material orientation for Case 1 (front
view). ). Layer 1, which corresponds to the layer at the back layer, progresses to layer 6, which
corresponds to layer of the front layer.

Figure 6 shows layer-by-layer plots for the material distribution and material orientation
for Case 2. Most of the fibers point toward the point of load application, which accommodates
the increased material stiffness in the fiber direction. Furthermore, the symmetry of material
distribution and material orientation exists in each layer by comparing the first three layers
counting form the top to the three layers counting from the bottom.

Figure 7 shows the material distribution and material orientation at each layer for Case 3.
The scenario here is very much like the same as that described for Case 2. Visually speaking,
there is material distribution and material orientation symmetry in each layer by comparing the
first three layers counting form the top to the three layers counting from the bottom.
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Layer 9 Layer 10

Figure 6. Layer-by-layer plots of material distribution and material orientation for Case 2 (top
view). Layer 1, which corresponds to the bottom layer of the optimized structure, moves up
toward layer 10, which corresponds to the top layer of the optimized structure.

Table 2 compares the computation CPU time, the number of iterations and the
compliance for the three cases. Case 1 took about 48.8% and 70.8% of more CPU time than Case
2 and Case 3 to achieve convergence, as well as 24 and 31 more iterations, respectively.
However, Case 1 yields about 23% and 63% lower compliance than Case 2 and Case 3,
respectively. Since the orientation rotates in plane with the force in Case 1, the structure’s
compliance is very sensitive to the material orientation and can therefore be more easily affected
by the state of material orientation. However, for Case 2 and Case 3, the plane of rotation does
not align with the force direction; therefore the material orientation optimization yields less
improvement in terms of the compliance. From this study, one important lesson we can draw is
that how effective the FFF print technique is to produce a safe structure depends greatly on
whether the designers can correctly anticipating the loading direction.
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Figure 7. Layer-by-layer plots of material distribution and material orientation for Case 2 (right
view). Layer 1 starting from the bottom to layer 20 to the top layer of the optimized structure

CPU time (sec) Iterations Compliance (N*m)
Case 1 246.3 78 3.48
Case 2 165.5 54 4.28
Case 3 144.2 47 5.66

Table 2. Topology result comparisons among three cases, for computational time, number of
iterations and compliance

Conclusions

In conclusion, we have extended the SIMP with CFAO and implemented it using the
Matlab fmincon optimization function to solve 3D topology optimization problems for FFF. The
optimization objective is the compliance of structure that is minimized in the computations. The
objective and constraints, and design sensitivities are calculated using Finite Element Analysis
with linear eight node isoparametric element. Design sensitivity expressions are derived using
the Adjoint Variable method which reduces to an element level evaluation. Furthermore, a linear
weighted sensitivity filter is employed to mitigate checkerboarding of the material distribution.
A 3D cantilever beam was optimized where we considered 3 different print directions. For the
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problem we studied in printing at multiple planes, the designs where material rotation plane
aligns with the force direction gives the lowest compliance. Furthermore, printing the structure at
different plane direction does affect the compliance result, which is important for designers to
consider when designing 3D printed parts with non-isotropic material microstructures.

References

[1] Sung-Hoon Ahn, Michael Montero, Dan Odell, Shad Roundy, and Paul K. Wright, 2002,
“Anisotropic Material Properties of Fused Deposition Modeling ABS,” Rapid Prototyp. J.,
8(4), pp. 248-257.

[2] Ziemian, C., Sharma, M., and Ziemi, S., 2012, “Anisotropic Mechanical Properties of ABS
Parts Fabricated by Fused Deposition Modelling,” Mechanical Engineering, M. Gokcek,
ed., InTech.

[3] Bagsik, A. and Schdppner, V., 2011, “Mechanical Properteis of Fused Deposition Modeling
Parts Manufactured with Ultem*9085,” ANTEC 2011, Boston, MA.

[4] Wohlers, T., 2016, Wohlers Report 2016, Wohlers Associates, Inc.

[5] Perez, A. R. T., Roberson, D. A., and Wicker, R. B., 2014, “Fracture Surface Analysis of
3D-Printed Tensile Specimens of Novel ABS-Based Materials,” J. Fail. Anal. Prev., 14(3),
pp. 343-353.

[6] Zhong, W., Li, F., Zhang, Z., Song, L., and Li, Z., 2001, “Short Fiber Reinforced
Composites for Fused Deposition Modeling,” Mater. Sci. Eng. A, 301(2), pp. 125-130.

[7] Gray, R. W., Baird, D. G., and Behn, J. H., 1998, “Thermoplastic Composites Reinforced
with Long Fiber Thermotropic Liquid Crystalline Polymers for Fused Deposition
Modeling,” Polym. Compos., 19(4), pp. 383-394.

[8] Shofner, M. L., Lozano, K., Rodriguez-Macias, F. J., and Barrera, E. V., 2003, “Nanofiber-
Reinforced Polymers Prepared by Fused Deposition Modeling,” J. Appl. Polym. Sci.,
89(11), pp. 3081-3090.

[9] Hwang, S., Reyes, E. 1., Moon, K., Rumpf, R. C., and Kim, N. S., 2014, “Thermo-
Mechanical Characterization of Metal/Polymer Composite Filaments and Printing
Parameter Study for Fused Deposition Modeling in the 3D Printing Process,” J. Electron.
Mater., 44(3), pp. 771-777.

[10] Dul, S., Fambri, L., and Pegoretti, A., 2016, “Fused Deposition Modelling with ABS—
graphene Nanocomposites,” Compos. Part Appl. Sci. Manuf., 85, pp. 181-191.

[11] Ning, F., Cong, W., Qiu, J., Wei, J., and Wang, S., 2015, “Additive Manufacturing of
Carbon Fiber Reinforced Thermoplastic Composites Using Fused Deposition Modeling,”
Compos. Part B Eng., 80, pp. 369-378.

[12] Tekinalp, H. L., Kunc, V., Velez-Garcia, G. M., Duty, C. E., Love, L. J., Naskar, A. K.,
Blue, C. A., and Ozcan, S., 2014, “Highly Oriented Carbon Fiber—polymer Composites via
Additive Manufacturing,” Compos. Sci. Technol., 105, pp. 144-150.

[13] Jiang, D. and Smith, D. E., 2017, “Mechanical Behavior of Carbon Fiber Composites
Produced with Fused Filament Fabrication,” In press, Additive Manufacturing.

[14] Love, L. J., Kunc, V., Rios, O., Duty, C. E., Elliott, A. M., Post, B. K., Smith, R. J., and
Blue, C. A., 2014, “The Importance of Carbon Fiber to Polymer Additive Manufacturing,”
J. Mater. Res., 29(17), pp. 1893—-1898.

[15] Post, B., Lloyd, P. D., Lindahl, J., Lind, R. F., Love, L. J., and Kunc, V., 2016, The
Economics of Big Area Addtive Manufacturing, Oak Ridge National Laboratory (ORNL),

2247



Oak Ridge, TN (United States). Manufacturing Demonstration Facility (MDF),
web.ornl.gov/sci/manufacturing/

[16] Spinnie, N. K. , 2016, “Large Scale Fused Deposition Modeling : The Effect of Process
Parameters on Bead Geometry.,” Master's Thesis, Baylor University.

[17] Suzuki, K., and Kikuchi, N., 1991, “A Homogenization Method for Shape and Topology
Optimization,” Comput. Methods Appl. Mech. Eng., 93(3), pp. 291-318.

[18] Bendsge, M. P., and Kikuchi, N., 1988, “Generating Optimal Topologies in Structural
Design Using a Homogenization Method,” Comput. Methods Appl. Mech. Eng., 71(2), pp.
197-224.

[19] Bendsge, M. P., 1989, “Optimal Shape Design as a Material Distribution Problem,” Struct.
Optim., 1(4), pp. 193-202.

[20] Mlejnek, H. P., 1992, “Some Aspects of the Genesis of Structures,” Struct. Optim., 5(1-2),
pp. 64—69.

[21] Zhou, M., and Rozvany, G. I. N., 1991, “The COC Algorithm, Part II: Topological,
Geometrical and Generalized Shape Optimization,” Comput. Methods Appl. Mech. Eng.,
89(1-3), pp. 309-336.

[22] Sigmund, O., 2001, “A 99 Line Topology Optimization Code Written in Matlab,” Struct.
Multidiscip. Optim., 21(2), pp. 120-127.

[23] Andreassen, E., Clausen, A., Schevenels, M., Lazarov, B. S., and Sigmund, O., 2011,
“Efficient Topology Optimization in MATLAB Using 88 Lines of Code,” Struct.
Multidiscip. Optim., 43(1), pp. 1-16.

[24] Liu, K., and Tovar, A., 2014, “An Efficient 3D Topology Optimization Code Written in
Matlab,” Struct. Multidiscip. Optim., 50(6), pp. 1175-1196.

[25] Xie, Y. M., and Steven, G. P., 1993, “A Simple Evolutionary Procedure for Structural
Optimization,” Comput. Struct., 49(5), pp. 885-896.

[26] Tang, Y., Kurtz, A., and Zhao, Y. F., 2015, “Bidirectional Evolutionary Structural
Optimization (BESO) Based Design Method for Lattice Structure to Be Fabricated by
Additive Manufacturing,” Comput.-Aided Des., 69, pp. 91-101.

[27] Zhang, P., Toman, J., Yu, Y., Biyikli, E., Kirca, M., Chmielus, M., and To, A. C., 2015,
“Efficient Design-Optimization of Variable-Density Hexagonal Cellular Structure by
Additive Manufacturing: Theory and Validation,” J. Manuf. Sci. Eng., 137(2), pp. 021004-
021004-8.

[28] Gaynor, A. T., Meisel, N. A., Williams, C. B., and Guest, J. K., 2014, “Multiple-Material
Topology Optimization of Compliant Mechanisms Created Via PolyJet Three-Dimensional
Printing,” J. Manuf. Sci. Eng., 136(6), pp. 061015-061015-10.

[29] Langelaar, M., 2016, “Topology Optimization of 3D Self-Supporting Structures for
Additive Manufacturing,” Addit. Manuf., 12, Part A, pp. 60-70.

[30] Jia, H. P., Jiang, C. D., Li, G. P., Mu, R. Q., Liu, B., and Jiang, C. B., 2008, “Topology
Optimization of Orthotropic Material Structure,” Mater. Sci. Forum, 575-578, pp. 978-989.

[31] Hoglund, R., and Smith, D. E., 2015, “Non-Isotropic Material Distribution Topology
Optimization for Fused Deposition Modeling Products,” Proceeding of the 2015 Solid
Freeform Fabrication Symposium, Austin, TX.

[32] Bruyneel, M., and Fleury, C., 2002, “Composite Structures Optimization Using Sequential
Convex Programming,” Adv. Eng. Softw., 33(7-10), pp. 697-711.

2248



[33] Lindgaard, E., and Lund, E., 2011, “Optimization Formulations for the Maximum
Nonlinear Buckling Load of Composite Structures,” Struct. Multidiscip. Optim., 43(5), pp.
631-646.

[34] Sigmund, O., and Petersson, J., 1998, “Numerical Instabilities in Topology Optimization: A
Survey on Procedures Dealing with Checkerboards, Mesh-Dependencies and Local
Minima,” Struct. Optim., 16(1), pp. 68-75.

[35] Sigmund, O., 2007, “Morphology-Based Black and White Filters for Topology
Optimization,” Struct. Multidiscip. Optim., 33(4-5), pp. 401-424.

[36] Setoodeh, S., Abdalla, M. M., and Giirdal, Z., 2005, “Combined Topology and Fiber Path
Design of Composite Layers Using Cellular Automata,” Struct. Multidiscip. Optim., 30(6),
pp. 413-421.

[37] Nomura, T., Dede, E. M., Lee, J., Yamasaki, S., Matsumori, T., Kawamoto, A., and
Kikuchi, N., 2015, “General Topology Optimization Method with Continuous and Discrete
Orientation Design Using Isoparametric Projection,” Int. J. Numer. Methods Eng., 101(8),
pp. 571-605.

[38] Hoglund, R. M., 2016, “An Anisotropic Topology Optimization Method for Carbon Fiber-
Reinforced Fused Filament Fabrication.,” Master's Thesis, Baylor University.

[39] Reddy, J., 2005, An Introduction to the Finite Element Method, McGraw-Hill Education.

[40] Barbero, E. J., 2010, Introduction to Composite Materials Design, Second Edition, CRC
Press.

[41] Kollar, L. P., and Springer, G. S., 2003, Mechanics of Composite Structures, Cambridge
University Press.

[42] Heller, B. P., Smith, D. E., and Jack, D. A., 2016, “Effects of Extrudate Swell and Nozzle
Geometry on Fiber Orientation in Fused Filament Fabrication Nozzle Flow,” Addit.
Manuf., 12, Part B, pp. 252-264.

[43] “Find Minimum of Constrained Nonlinear Multivariable Function - MATLAB Fmincon”
[Online]. Available: https://www.mathworks.com/help/optim/ug/fmincon.html. [Accessed:
17-Dec-2016].

[44] Hoglund, R., and Smith, D. E., 2016, “Continuous Fiber Angle Topology Optimizatin for
Polymer Fused Filament Fabrication," Proceedings of the 2016 Solid Freeform Fabrication
Symposium, Austin, TX.

[45] Nomura, T., Dede, E. M., Lee, J., Yamasaki, S., Matsumori, T., Kawamoto, A., and
Kikuchi, N., 2015, “General Topology Optimization Method with Continuous and Discrete
Orientation Design Using Isoparametric Projection,” Int. J. Numer. Methods Eng., 101(8),
pp. 571-605.

2249



	Welcome
	Title Page
	Preface
	Organizing Committee
	Papers to Journals
	Table of Contents
	Materials
	Scanning Strategies in Electron Beam Melting to Influence Microstructure Development
	Relating Processing of Selective Laser Melted Structures to Their Material and Modal Properties
	Thermal Property Measurement Methods and Analysis for Additive Manufacturing Solids and Powders
	Prediction of Fatigue Lives in Additively Manufactured Alloys Based on the Crack-Growth Concept
	Fatigue Behavior of Additive Manufactured Parts in Different Process Chains – An Experimental Study
	Effect of Process Parameter Variation on Microstructure and Mechanical Properties of Additively Manufactured Ti-6Al-4V
	Optimal Process Parameters for In Situ Alloyed Ti15Mo Structures by Laser Powder Bed Fusion
	Efficient Fabrication of Ti6Al4V Alloy by Means of Multi-Laser Beam Selective Laser Melting
	Effect of Heat Treatment and Hot Isostatic Pressing on the Morphology and Size of Pores in Additive Manufactured Ti-6Al-4V Parts
	Effect of Build Orientation on Fatigue Performance of Ti-6Al-4V Parts Fabricated via Laser-Based Powder Bed Fusion
	Effect of Specimen Surface Area Size on Fatigue Strength of Additively Manufactured Ti-6Al-4V Parts
	Small-Scale Mechanical Properties of Additively Manufactured Ti-6Al-4V
	Design and Fabrication of Functionally Graded Material from Ti to Γ-Tial by Laser Metal Deposition
	Tailoring Commercially Pure Titanium Using Mo₂C during Selective Laser Melting
	Characterization of MAR-M247 Deposits Fabricated through Scanning Laser Epitaxy (SLE)
	Mechanical Assessment of a LPBF Nickel Superalloy Using the Small Punch Test Method
	Effects of Processing Parameters on the Mechanical Properties of CMSX-4® Additively Fabricated through Scanning Laser Epitaxy (SLE)
	Effect of Heat Treatment on the Microstructures of CMSX-4® Processed through Scanning Laser Epitaxy (SLE)
	On the Use of X-Ray Computed Tomography for Monitoring the Failure of an Inconel 718 Two-Bar Specimen Manufactured by Laser Powder Bed Fusion
	Laser Powder Bed Fusion Fabrication and Characterization of Crack-Free Aluminum Alloy 6061 Using In-Process Powder Bed Induction Heating
	Porosity Development and Cracking Behavior of Al-Zn-Mg-Cu Alloys Fabricated by Selective Laser Melting
	Effect of Optimizing Particle Size in Laser Metal Deposition with Blown Pre-Mixed Powders
	Aluminum Matrix Syntactic Foam Fabricated with Additive Manufacturing
	Binderless Jetting: Additive Manufacturing of Metal Parts via Jetting Nanoparticles
	Characterization of Heat-Affected Powder Generated during the Selective Laser Melting of 304L Stainless Steel Powder
	Effects of Area Fraction and Part Spacing on Degradation of 304L Stainless Steel Powder in Selective Laser Melting
	Influence of Gage Length on Miniature Tensile Characterization of Powder Bed Fabricated 304L Stainless Steel
	Study of Selective Laser Melting for Bonding of 304L Stainless Steel to Grey Cast Iron
	Mechanical Performance of Selective Laser Melted 17-4 PH Stainless Steel under Compressive Loading
	Microstructure and Mechanical Properties Comparison of 316L Parts Produced by Different Additive Manufacturing Processes
	A Parametric Study on Grain Structure in Selective Laser Melting Process for Stainless Steel 316L
	316L Powder Reuse for Metal Additive Manufacturing
	Competing Influence of Porosity and Microstructure on the Fatigue Property of Laser Powder Bed Fusion Stainless Steel 316L
	Studying Chromium and Nickel Equivalency to Identify Viable Additive Manufacturing Stainless Steel Chemistries
	Investigation of the Mechanical Properties on Hybrid Deposition and Micro-Rolling of Bainite Steel
	Process – Property Relationships in Additive Manufacturing of Nylon-Fiberglass Composites Using Taguchi Design of Experiments
	Digital Light Processing (DLP): Anisotropic Tensile Considerations
	Determining the Complex Young’s Modulus of Polymer Materials Fabricated with Microstereolithography
	Effect of Process Parameters and Shot Peening on Mechanical Behavior of ABS Parts Manufactured by Fused Filament Fabrication (FFF)
	Expanding Material Property Space Maps with Functionally Graded Materials for Large Scale Additive Manufacturing
	Considering Machine- and Process-Specific Influences to Create Custom-Built Specimens for the Fused Deposition Modeling Process
	Rheological Evaluation of High Temperature Polymers to Identify Successful Extrusion Parameters
	A Viscoelastic Model for Evaluating Extrusion-Based Print Conditions
	Towards a Robust Production of FFF End-User Parts with Improved Tensile Properties
	Investigating Material Degradation through the Recycling of PLA in Additively Manufactured Parts
	Ecoprinting: Investigating the Use of 100% Recycled Acrylonitrile Butadiene Styrene (ABS) for Additive Manufacturing
	Microwave Measurements of Nylon-12 Powder Ageing for Additive Manufacturing
	Improvement of Recycle Rate in Laser Sintering by Low Temperature Process
	Development of an Experimental Laser Sintering Machine to Process New Materials like Nylon 6
	Optimization of Adhesively Joined Laser-Sintered Parts
	Investigating the Impact of Functionally Graded Materials on Fatigue Life of Material Jetted Specimens
	Fabrication and Characterization of Graphite/Nylon 12 Composite via Binder Jetting Additive Manufacturing Process
	Fabricating Zirconia Parts with Organic Support Material by the Ceramic On-Demand Extrusion Process
	The Application of Composite Through-Thickness Assessment to Additively Manufactured Structures
	Tensile Mechanical Properties of Polypropylene Composites Fabricated by Material Extrusion
	Pneumatic System Design for Direct Write 3D Printing
	Ceramic Additive Manufacturing: A Review of Current Status and Challenges
	Recapitulation on Laser Melting of Ceramics and Glass-Ceramics
	A Trade-Off Analysis of Recoating Methods for Vat Photopolymerization of Ceramics
	Additive Manufacturing of High-Entropy Alloys – A Review
	Microstructure and Mechanical Behavior of AlCoCuFeNi High-Entropy Alloy Fabricated by Selective Laser Melting
	Selective Laser Melting of AlCu5MnCdVA: Formability, Microstructure and Mechanical Properties
	Microstructure and Crack Distribution of Fe-Based Amorphous Alloys Manufactured by Selective Laser Melting
	Construction of Metallic Glass Structures by Laser-Foil-Printing Technology
	Building Zr-Based Metallic Glass Part on Ti-6Al-4V Substrate by Laser-Foil-Printing Additive Manufacturing
	Optimising Thermoplastic Polyurethane for Desktop Laser Sintering

	Modeling
	Real-Time Process Measurement and Feedback Control for Exposure Controlled Projection Lithography
	Optimization of Build Orientation for Minimum Thermal Distortion in DMLS Metallic Additive Manufacturing
	Using Skeletons for Void Filling in Large-Scale Additive Manufacturing
	Implicit Slicing Method for Additive Manufacturing Processes
	Time-Optimal Scan Path Planning Based on Analysis of Sliced Geometry
	A Slicer and Simulator for Cooperative 3D Printing
	Study on STL-Based Slicing Process for 3D Printing
	ORNL Slicer 2: A Novel Approach for Additive Manufacturing Tool Path Planning
	Computer Integration for Geometry Generation for Product Optimization with Additive Manufacturing
	Multi-Level Uncertainty Quantification in Additive Manufacturing
	Computed Axial Lithography for Rapid Volumetric 3D Additive Manufacturing
	Efficient Sampling for Design Optimization of an SLS Product
	Review of AM Simulation Validation Techniques
	Generation of Deposition Paths and Quadrilateral Meshes in Additive Manufacturing
	Analytical and Experimental Characterization of Anisotropic Mechanical Behaviour of Infill Building Strategies for Fused Deposition Modelling Objects
	Flexural Behavior of FDM Parts: Experimental, Analytical and Numerical Study
	Simulation of Spot Melting Scan Strategy to Predict Columnar to Equiaxed Transition in Metal Additive Manufacturing
	Modelling Nanoparticle Sintering in a Microscale Selective Laser Sintering Process
	3-Dimensional Cellular Automata Simulation of Grain Structure in Metal Additive Manufacturing Processes
	Numerical Simulation of Solidification in Additive Manufacturing of Ti Alloy by Multi-Phase Field Method
	The Effect of Process Parameters and Mechanical Properties Oof Direct Energy Deposited Stainless Steel 316
	Thermal Modeling of 304L Stainless Steel Selective Laser Melting
	The Effect of Polymer Melt Rheology on Predicted Die Swell and Fiber Orientation in Fused Filament Fabrication Nozzle Flow
	Simulation of Planar Deposition Polymer Melt Flow and Fiber Orientaiton in Fused Filament Fabrication
	Numerical Investigation of Stiffness Properties of FDM Parts as a Function of Raster Orientation
	A Two-Dimensional Simulation of Grain Structure Growth within Substrate and Fusion Zone during Direct Metal Deposition
	Numerical Simulation of Temperature Fields in Powder Bed Fusion Process by Using Hybrid Heat Source Model
	Thermal Simulation and Experiment Validation of Cooldown Phase of Selective Laser Sintering (SLS)
	Numerical Modeling of High Resolution Electrohydrodynamic Jet Printing Using OpenFOAM
	Mesoscopic Multilayer Simulation of Selective Laser Melting Process
	A Study into the Effects of Gas Flow Inlet Design of the Renishaw AM250 Laser Powder Bed Fusion Machine Using Computational Modelling
	Development of Simulation Tools for Selective Laser Melting Additive Manufacturing
	Machine Learning Enabled Powder Spreading Process Map for Metal Additive Manufacturing (AM)

	Process Development
	Melt Pool Dimension Measurement in Selective Laser Melting Using Thermal Imaging
	In-Process Condition Monitoring in Laser Powder Bed Fusion (LPBF)
	Performance Characterization of Process Monitoring Sensors on the NIST Additive Manufacturing Metrology Testbed
	Microheater Array Powder Sintering: A Novel Additive Manufacturing Process
	Fabrication and Control of a Microheater Array for Microheater Array Powder Sintering
	Initial Investigation of Selective Laser Sintering Laser Power vs. Part Porosity Using In-Situ Optical Coherence Tomography
	The Effect of Powder on Cooling Rate and Melt Pool Length Measurements Using In Situ Thermographic Tecniques
	Monitoring of Single-Track Degradation in the Process of Selective Laser Melting
	Machine Learning for Defect Detection for PBFAM Using High Resolution Layerwise Imaging Coupled with Post-Build CT Scans
	Selection and Installation of High Resolution Imaging to Monitor the PBFAM Process, and Synchronization to Post-Build 3D Computed Tomography
	Multisystem Modeling and Optimization of Solar Sintering System
	Continuous Laser Scan Strategy for Faster Build Speeds in Laser Powder Bed Fusion System
	Influence of the Ratio between the Translation and Contra-Rotating Coating Mechanism on Different Laser Sintering Materials and Their Packing Density
	Thermal History Correlation with Mechanical Properties for Polymer Selective Laser Sintering (SLS)
	Post Processing Treatments on Laser Sintered Nylon 12
	Development of an Experimental Test Setup for In Situ Strain Evaluation during Selective Laser Melting
	In Situ Melt Pool Monitoring and the Correlation to Part Density of Inconel® 718 for Quality Assurance in Selective Laser Melting
	Influence of Process Time and Geometry on Part Quality of Low Temperature Laser Sintering
	Increasing Process Speed in the Laser Melting Process of Ti6Al4V and the Reduction of Pores during Hot Isostatic Pressing
	A Method for Metal AM Support Structure Design to Facilitate Removal
	Expert Survey to Understand and Optimize Part Orientation in Direct Metal Laser Sintering
	Fabrication of 3D Multi-Material Parts Using Laser-Based Powder Bed Fusion
	Melt Pool Image Process Acceleration Using General Purpose Computing on Graphics Processing Units
	Blown Powder Laser Cladding with Novel Processing Parameters for Isotropic Material Properties
	The Effect of Arc-Based Direct Metal Energy Deposition on PBF Maraging Steel
	Fiber-Fed Laser-Heated Process for Printing Transparent Glass
	Reducing Mechanical Anisotropy in Extrusion-Based Printed Parts
	Exploring the Manufacturability and Resistivity of Conductive Filament Used in Material Extrusion Additive Manufacturing
	Active - Z Printing: A New Approach to Increasing 3D Printed Part Strength
	A Mobile 3D Printer for Cooperative 3D Printing
	A Floor Power Module for Cooperative 3D Printing
	Changing Print Resolution on BAAM via Selectable Nozzles
	Predicting Sharkskin Instability in Extrusion Additive Manufacturing of Reinforced Thermoplastics
	Design of a Desktop Wire-Feed Prototyping Machine
	Process Modeling and In-Situ Monitoring of Photopolymerization for Exposure Controlled Projection Lithography (ECPL)
	Effect of Constrained Surface Texturing on Separation Force in Projection Stereolithography
	Modeling of Low One-Photon Polymerization for 3D Printing of UV-Curable Silicones
	Effect of Process Parameters and Shot Peening on the Tensile Strength and Deflection of Polymer Parts Made Using Mask Image Projection Stereolithography (MIP-SLA)
	Additive Manufacturing Utilizing Stock Ultraviolet Curable Silicone
	Temperature and Humidity Variation Effect on Process Behavior in Electrohydrodynamic Jet Printing of a Class of Optical Adhesives
	Reactive Inkjet Printing Approach towards 3D Silcione Elastomeric Structures Fabrication
	Magnetohydrodynamic Drop-On-Demand Liquid Metal 3D Printing
	Selective Separation Shaping of Polymeric Parts
	Selective Separation Shaping (SSS) – Large-Scale Fabrication Potentials
	Mechanical Properties of 304L Metal Parts Made by Laser-Foil-Printing Process
	Investigation of Build Strategies for a Hybrid Manufacturing Process Progress on Ti-6Al-4V
	Direct Additive Subtractive Hybrid Manufacturing (DASH) – An Out of Envelope Method
	Metallic Components Repair Strategies Using the Hybrid Manufacturing Process
	Rapid Prototyping of EPS Pattern for Complicated Casting
	5-Axis Slicing Methods for Additive Manufacturing Process
	A Hybrid Method for Additive Manufacturing of Silicone Structures
	Analysis of Hybrid Manufacturing Systems Based on Additive Manufacturing Technology
	Fabrication and Characterization of Ti6Al4V by Selective Electron Beam and Laser Hybrid Melting
	Development of a Hybrid Manufacturing Process for Precision Metal Parts
	Defects Classification of Laser Metal Deposition Using Acoustic Emission Sensor
	An Online Surface Defects Detection System for AWAM Based on Deep Learning
	Development of Automatic Smoothing Station Based on Solvent Vapour Attack for Low Cost 3D Printers
	Casting - Forging - Milling Composite Additive Manufacturing Thechnology
	Design and Development of a Multi-Tool Additive Manufacturing System
	Challenges in Making Complex Metal Large-Scale Parts for Additive Manufacturing: A Case Study Based on the Additive Manufacturing Excavator
	Visual Sensing and Image Processing for Error Detection in Laser Metal Wire Deposition

	Applications
	Embedding of Liquids into Water Soluble Materials via Additive Manufacturing for Timed Release
	Prediction of the Elastic Response of TPMS Cellular Lattice Structures Using Finite Element Method
	Multiscale Analysis of Cellular Solids Fabricated by EBM
	An Investigation of Anisotropy of 3D Periodic Cellular Structure Designs
	Modeling of Crack Propagation in 2D Brittle Finite Lattice Structures Assisted by Additive Manufacturing
	Estimating Strength of Lattice Structure Using Material Extrusion Based on Deposition Modeling and Fracture Mechanics
	Controlling Thermal Expansion with Lattice Structures Using Laser Powder Bed Fusion
	Determination of a Shape and Size Independent Material Modulus for Honeycomb Structures in Additive Manufacturing
	Additively Manufactured Conformal Negative Stiffness Honeycombs
	A Framework for the Design of Biomimetic Cellular Materials for Additive Manufacturing
	A Post-Processing Procedure for Level Set Based Topology Optimization
	Multi-Material Structural Topology Optimization under Uncertainty via a Stochastic Reduced Order Model Approach
	Topology Optimization for 3D Material Distribution and Orientation in Additive Manufacturing
	Topological Optimization and Methodology for Fabricating Additively Manufactured Lightweight Metallic Mirrors
	Topology Optimization of an Additively Manufactured Beam
	Quantifying Accuracy of Metal Additive Processes through a Standardized Test Artifact
	Integrating Interactive Design and Simulation for Mass Customized 3D-Printed Objects – A Cup Holder Example
	High-Resolution Electrohydrodynamic Jet Printing of Molten Polycaprolactone
	3D Bioprinting of Scaffold Structure Using Micro-Extrusion Technology
	Fracture Mechanism Analysis of Schoen Gyroid Cellular Structures Manufactured by Selective Laser Melting
	An Investigation of Build Orientation on Shrinkage in Sintered Bioceramic Parts Fabricated by Vat Photopolymerization
	Hypervelocity Impact of Additively Manufactured A356/316L Interpenetrating Phase Composites
	Understanding and Engineering of Natural Surfaces with Additive Manufacturing
	Additive Fabrication of Polymer-Ceramic Composite for Bone Tissue Engineering
	Binder Jet Additive Manufacturing of Stainless Steel - Tricalcium Phosphate Biocomposite for Bone Scaffold and Implant Applications
	Selective Laser Melting of Novel Titanium-Tantalum Alloy as Orthopedic Biomaterial
	Development of Virtual Surgical Planning Models and a Patient Specific Surgical Resection Guide for Treatment of a Distal Radius Osteosarcoma Using Medical 3D Modelling and Additive Manufacturing Processes
	Design Optimisation of a Thermoplastic Splint
	Reverse Engineering a Transhumeral Prosthetic Design for Additive Manufacturing
	Big Area Additive Manufacturing Application in Wind Turbine Molds
	Design, Fabrication, and Qualification of a 3D Printed Metal Quadruped Body: Combination Hydraulic Manifold, Structure and Mechanical Interface
	Smart Parts Fabrication Using Powder Bed Fusion Additive Manufacturing Technologies
	Design for Protection: Systematic Approach to Prevent Product Piracy during Product Development Using AM
	The Use of Electropolishing Surface Treatment on IN718 Parts Fabricated by Laser Powder Bed Fusion Process
	Towards Defect Detection in Metal SLM Parts Using Modal Analysis “Fingerprinting”
	Electrochemical Enhancement of the Surface Morphology and the Fatigue Performance of Ti-6Al-4V Parts Manufactured by Laser Beam Melting
	Fabrication of Metallic Multi-Material Components Using Laser Metal Deposition
	A Modified Inherent Strain Method for Fast Prediction of Residual Deformation in Additive Manufacturing of Metal Parts 2539
	Effects of Scanning Strategy on Residual Stress Formation in Additively Manufactured Ti-6Al-4V Parts
	How Significant Is the Cost Impact of Part Consolidation within AM Adoption?
	Method for the Evaluation of Economic Efficiency of Additive and Conventional Manufacturing
	Integrating AM into Existing Companies - Selection of Existing Parts for Increase of Acceptance
	Ramp-Up-Management in Additive Manufacturing – Technology Integration in Existing Business Processes
	Rational Decision-Making for the Beneficial Application of Additive Manufacturing
	Approaching Rectangular Extrudate in 3D Printing for Building and Construction by Experimental Iteration of Nozzle Design
	Areal Surface Characterization of Laser Sintered Parts for Various Process Parameters
	Design and Process Considerations for Effective Additive Manufacturing of Heat Exchangers
	Design and Additive Manufacturing of a Composite Crossflow Heat Exchanger
	Fabrication and Quality Assessment of Thin Fins Built Using Metal Powder Bed Fusion Additive Manufacturing
	A Mobile Robot Gripper for Cooperative 3D Printing
	Technological Challenges for Automotive Series Production in Laser Beam Melting
	Qualification Challenges with Additive Manufacturing in Space Applications
	Material Selection on Laser Sintered Stab Resistance Body Armor
	Investigation of Optical Coherence Tomography Imaging in Nylon 12 Powder
	Powder Bed Fusion Metrology for Additive Manufacturing Design Guidance
	Geometrical Accuracy of Holes and Cylinders Manufactured with Fused Deposition Modeling
	New Filament Deposition Technique for High Strength, Ductile 3D Printed Parts
	Applied Solvent-Based Slurry Stereolithography Process to Fabricate High-Performance Ceramic Earrings with Exquisite Details
	Design and Preliminary Evaluation of a Deployable Mobile Makerspace for Informal Additive Manufacturing Education
	Comparative Costs of Additive Manufacturing vs. Machining: The Case Study of the Production of Forming Dies for Tube Bending


	Attendee List
	Author Index
	Print
	Search



